Purpose of review The purpose of this review is to describe the current understanding of the medial patellofemoral complex, including recent anatomic advances, evaluation of indications for reconstruction with concomitant pathology, and surgical reconstruction techniques. Recent findings Recent advances in our understanding of MPFC anatomy have found that there are fibers that insert onto the deep quadriceps tendon as well as the patella, thus earning the name "medial patellofemoral complex" to allow for the variability in its anatomy. In MPFC reconstruction, anatomic origin and insertion points and appropriate graft length are critical to prevent overconstraint of the patellofemoral joint. Summary The MPFC is a crucial soft tissue checkrein to lateral patellar translation, and its repair or reconstruction results in good restoration of patellofemoral stability. As our understanding of MPFC anatomy evolves, further studies are needed to apply its relevance in kinematics and surgical applications to its role in maintaining patellar stability.
Introduction
Patellar instability is a common cause of knee dysfunction in adolescents and young adults [1] . Treatments and techniques for restoring stability have continued to evolve in recent years. A tear of the medial patellofemoral ligament (MPFL) has been considered the essential lesion of lateral patellar instability [2] . Newer anatomic studies have defined a broader medial structure that attaches to the quadriceps tendon in addition to the patella, which has led to some authors referring to this as the medial patellofemoral complex (MPFC), to allow for its variability in attachment sites [3•, 4] . In recurrent patellar instability, a tear in this critical soft tissue complex may not be the only pathology, as these patients can present with concomitant lateralized tibial tuberosities, patella alta, and/or trochlear dysplasia [1] . We aim to review the current understanding of the MPFC as it relates to patellofemoral anatomy and function, as well as surgical indications, techniques, and outcomes in the treatment of patellar instability.
Anatomy and function
The anatomic and biomechanical definitions of the MPFC have evolved over time. Earlier defined as a pure ligament spanning from femur to patella, the MPFC has been more recently identified as a broad, fan-shaped structure with both bony and soft tissue insertions ( Fig. 1) [3•, 4] . The MPFC is located in layer 2, runs deep to the vastus medialis obliquus, and is distinct from the medial retinaculum [3•] . The MPFC origin is generally accepted to originate within a triangular saddle of bony landmarks on the medial femur formed by the medial gastrocnemius tubercle, the medial epicondyle, and the adductor tubercle [2, 3•, 4] . The MPFC insertion is more variable, and averages 57.3% of its fibers attaching to the patella, with the remaining 42.7% attaching to the deep quadriceps tendon [5] . Fulkerson has described this quadriceps portion of the MPFC as the medial quadriceps tendon-femoral ligament (MQTFL) [6•] . The midpoint of the 30.4-mm-wide insertion of the MPFC has been reproducibly found at the junction of the medial quadriceps tendon border with the articular surface of the patella (Fig. 1) [3•, 5] .
For pediatric patients, there has been a great deal of investigation into the relationship of the MPFC to the distal femoral physis. There has been wide variability in findings, with the average origin of the MPFC occurring 4.7-10 mm distal to the physis [7, 8] . The superior-most fibers of the MPFC origin commonly overlie the physis [7, 8] . The origin may migrate closer to the physis in adolescence [8] .
The MPFL has been described as the primary static restraint to lateral patellar translation, providing approximately 208 N of mean tensile strength before rupture [9, 10] . Interestingly, this data concerns only the bony attachment of the MPFC, as the proximal MQTFL fibers were seemingly dissected away before analysis. Rupture of the MPFL occurs at an average 26 mm elongation, representing a supple 49% strain [9] . In looking at the MPFC's functionality in the dynamic knee, patterns of ligament strain and contact pressures have emerged. The largest change in MPFC strain occurs at 25°-30°of flexion as the patella engages with the trochlea [11] . As such, transection of the MPFC results in maltracking with lateral translation and increased lateral trochlea contact pressures [12] . Past 60°of knee flexion, lateral patellar translation is prevented by trochlear engagement, and the force required to displace the patella is independent of damage or reconstruction of the MPFC [13] . Both lateralization and proximalization of the tibial tubercle, representing increased TT-TG distance and patella alta, result in anisometry and significantly increased strain of the MPFC [14] . Looking at individual fibers of the MPFC with 4D CT, it seems that the superior-most fibers resist dislocation at low flexion angles, while the inferior-most fibers maintain tilt in midflexion [15] .
In addition to the MPFC, a medial patellotibial ligament and a medial patellomeniscal ligament have been identified as structures with possible independent contribution to patellar stability, though their significance is uncertain [16] . It is postulated that these structures resist lateral translation in deep flexion [17] .
Surgical indications
Initial patellar dislocations are typically managed non-operatively with functional bracing, quadriceps strengthening, and progressive return to activity [1, 18] . Diagnosis relies primarily on history and physical examination, with the glide test ( Fig. 2 ) allowing for quantification of patellar translation based on patellar quadrants. MRI can be useful in the assessment of patellar dislocation, to identify chondral fractures, as well as localize the injury to the MPFC (Fig. 3) .
Ultrasound has also been shown to demonstrate excellent specificity, sensitivity, and localization of MPFL lesions; its future role may be expanded in the case of acute primary patellar dislocation [19, 20] .
Recurrent lateral patellar instability that has failed conservative management is the primary indication for MPFC reconstruction. In this clinical setting, a thorough investigation into the multifactorial nature of the instability is warranted, which includes lateralization of the tibial tuberosity, as well as patella alta and trochlear dysplasia. Often, a combination of the above associated pathologies can be identified, and is usually the circumstance in pediatric cases. For skeletally immature Fig. 1 The anatomy of the MPFC (dashed red line) is shown from the articular surface, with fibers inserting on the patella and the quadriceps tendon (dashed purple line). The midpoint (dashed blue line) is shown at the junction of the medial border of the quadriceps tendon with the patella (yellow star) Fig. 2 . The glide test is used to quantify medial and lateral patellar translation based on patellar quadrants, with two quadrants in each direction typically representing normal motion patients treated nonoperatively, the risk of recurrent patellar dislocation is reported to be 31% [21] . High-grade trochlear dysplasia and younger age contribute to the greatest risk [21] .
Understanding the influence of other factors that involve bony malalignment is critical in determining the need for concurrent surgical procedures at the time of MPFC reconstruction. Increased tibial tubercle-trochlear groove (TT-TG) distances may indicate a lateralized extensor mechanism relative to the trochlear groove, which may occur in the setting of external tibial torsion, femoral anteversion, or genu valgum. In these cases, medializing tibial tuberosity osteotomy (TTO) may be performed to correct alignment. A cadaveric study by Stephen et al. demonstrated that MPFC reconstruction alone restored normal patellar kinematics in the setting of TT-TG distance of approximately 15 mm, but that abnormal patellar tilt could not be corrected with MPFC reconstruction alone for TT-TG distances of 20 and 25 mm [22] . While the indications to add TTO to a procedure can vary, studies suggest that TT-TG distance should be used to consider TTO in addition MPFC in the setting of excessive bony malalignment [23] .
Patellar dislocation is often associated with other conditions and injuries about the knee. In a multiligament knee injury study by Allen et al., 59% of cases also had injury to the MPFC. Concomitant superficial medial collateral ligament injury was noted in all of these cases, likely indicating the valgus moment contributing to both the MPFC and medial collateral ligament injuries [24] . These cases were treated nonoperatively with respect to the MPFC and did not demonstrate recurrent instability or lower outcome scores [24] .
Combination anterior cruciate ligament and MPFC injuries, more commonly seen in hyperlax patients, may be addressed with simultaneous reconstruction with good outcomes [25] . However, Howells et al. noted that outcome scores for hyperlax patients with Beighton scores greater than or equal to 6 were significantly worse at 6-month follow-up (Kujala scores of 82.56 vs. 64.28) [26] .
Surgical reconstruction techniques
A multitude of techniques in repair and reconstruction of the MPFC exist. Key considerations in MPFC reconstruction include appropriate graft length and anatomic placement of graft insertion and origin, while choice of fixation and use of double or single bundle grafts (Fig. 4) can vary by surgeon preference. Overconstraint of the patellofemoral joint due to an overly tight graft is a serious concern in MPFC reconstruction, as the increased pressures can lead to patellofemoral pain and accelerated degeneration of the joint [27] . A study by Stephen et al. of patellofemoral contact pressures in cadavers has demonstrated that fixation of the MPFC graft at full extension or with too much force causes increased medial pressures and medial tilt of the patella [28] . The authors reported that the safest place to tension the graft was with 2 N of force in 30°to 60°of flexion [28] . McCulloch et al. demonstrated that fixation in 45°of flexion replicates the strain patterns of the native MPFC [11] . In a cadaveric study, Burrus et al. described graft length changes that occurred throughout knee flexion that varied with femoral tunnel position [29] . The authors demonstrated that graft length variability stemming from errant femoral tunnel position was minimized when the graft was fixed at low [29] . Elias et al. studied a clinically pragmatic technique of graft tensioning with computational modeling. They demonstrated that allowing 0.5 to 1 quadrant of lateral patellar translation at 30°flexion successfully prevents maltracking and overconstraint of the medial facet [30] . Direct visualization of the patellofemoral joint with arthroscopy at the time of graft tensioning and fixation was shown by Kang et al. to not change outcomes, patellar tilt, or congruence angle [31] .
Recreating the anatomy of the MPFC during reconstruction is critical for the function of the graft. Several authors have demonstrated that small errors in femoral tunnel position can lead to changes in patellofemoral contact pressures [32•] . Radiographic landmarks corresponding to the anatomic origin and insertion of the MPFC have been described in multiple studies. Schöttle originally described the femoral origin as a radiographic point 1.3 mm anterior to the posterior cortical line and 2.5 mm distal to the posterior origin of the medial femoral condyle (Fig. 5 ) [33] . It is important to note that a perfect lateral radiograph is mandatory when establishing the femoral start point. Ziegler et al. discovered that a radiograph taken with 5°of obliquity results in a reference point that is 7.5-9.2 mm off target, depending on the plane of error [34] . Radiographic reference points should be used in conjunction with direct visual and tactile assessment of the anatomic saddle when establishing the femoral start point.
The patellar insertion of the MPFC has been described as the radiographic junction of the proximal and middle thirds of the patella [35] , though this is brought into question given recent work demonstrating a more proximal midpoint as discussed previously [3•]. Fulkerson et al. have demonstrated that isolated MQTFL reconstruction with graft running deep to the vastus medialis obliquus and sutured directly to the distal medial quadriceps tendon at its junction with the patella is a viable alternative to bony patellar fixation [6•] . This technique eliminates the risk of patellar fracture and may be more precise, as it uses direct visualization rather than radiographic landmarks [6•] . A similar reconstruction technique has been described by Fink, in which a 10-12-mm-wide and 3-mmdeep sleeve of superficial quadriceps tendon is elevated, left attached to the patella, reflected medially, and fixed with an interference screw at the femoral isometric point [36] . Both of these techniques use a patellar fixation point that is closer to the previously described anatomic midpoint. Autologous gracilis or semitendinosus grafts provide adequate length, and are considerably stronger than the native MPFC [9, 37] . Kujala scores between the two options have been reported to demonstrate a 32.2 point improvement with autografts compared to 22.5 with allografts [38] , yet reported failure rates between autografts and allografts are similar, at 5.7 versus 6.7%, respectively [38] .
While many authors describe single-bundle reconstruction techniques, double-bundle grafts have demonstrated significantly lower rates of failure and recurrent instability compared to single-bundle grafts in some studies. Though single-stranded grafts, as used in most reconstruction techniques, may slacken at some flexion angles due to not being fan-shaped, they remain a stable construct [39] . The heterogeneity of single-bundle reconstruction techniques should be taken into account when reviewing this data. Weinberger et al. found the failure rate of doublebundle grafts to be 5.5% compared to 10.6% with singlebundle grafts [38] . Wang et al. quotes the rate of recurrent instability with double-bundle grafts to be 4.54% compared to 26.9% with single-bundle grafts [40] . In the same study, Kujala scores were noted to be better with doublebundle grafts compared to single-bundle (92.86 vs. 80.46) [40] , yet further studies are needed to identify optimal reconstruction techniques.
Fixation choice continues to be a source of debate. Methods of fixation include interference screws, suspensory cortical fixation, suture anchors, and suture over bone bridge. In some biomechanical studies, suture anchor fixation displays a lower load to failure than interference screws, and a lower load to failure than the native intact MPFC if anchors are used in the patella [41, 42] . Various fixation options have advantages and disadvantages, however, location of graft fixation and graft length are considered to be more critical than fixation choice in MPFC reconstruction. Fig. 5 Schottle's point is demonstrated on a lateral radiograph of a left knee, approximating the femoral origin of the MPFC. This is found anterior to the posterior cortical line, and distal to the posterior medial femoral condyle, and can be utilized intraoperatively to guide femoral tunnel placement during MPFC reconstruction
Outcomes and complications
Enderlein et al. demonstrated that MPFL reconstruction consistently improves knee function, the average Kujala score increasing from 62.5 to 80.4 in 1 year [43] . Age greater than 30 years, female gender, high-grade cartilage injury, and obesity were predictors for a poorer outcome score [43] . Redislocation was uncommon at 4.5%, but a sensation of subluxation occurring more than a month after surgery was more common at 11% [43] . Other complications besides recurrent lateral instability include restricted knee range of motion, arthrofibrosis, medial instability, patellofemoral arthrosis and pain, patellar fracture, graft failure, wound complications, and implant pain [27, 44] . Many of these complications are preventable and have been reported to be the result of technical error [27] . In a systematic review, Shah et al. found a complication rate of 26.1%, with nearly a third of these complications attributed to recurrent apprehension [45] . More complications were seen in reconstruction using bone tunnels, but suture fixation in this study had a higher reported rate of recurrent instability [45] . Graft fixation at 60°or greater of knee flexion resulted in less complications and recurrent instability compared to fixation in less flexion [45] . Patella fractures were seen only in transverse or anterior patellar bone tunnels [45] . In pediatric patients averaging 14.9 years old, Parikh et al. showed a complication rate of 16.2%, with 4.5% redislocation, 4.5% stiffness, 3.4% patella fracture, and 2.8% patellofemoral pain/arthrosis [44] .
Identifying and addressing concomitant pathology at the time of MPFC reconstruction can prevent recurrent instability and address other factors contributing to symptoms. Steiner et al. demonstrated no difference in outcomes after MPFC reconstruction among different grades of trochlear dysplasia, with a mean Kujala score improvement from 53.3 to 90.7 [46] . However, in a study by Hiemstra et al., associated high-grade trochlear dysplasia (Dejour types B-D) was associated with worse Banff instrument scores compared to low grade dysplasia for patients treated with isolated MPFL reconstruction or MPFL imbrication (69.91 vs. 60.02) [47] . Trochlear bumps greater than 5 mm in size especially were associated with worse outcomes (69.28 vs. 59.67) [47] . Recurrent instability for isolated MPFC reconstruction in Dejour types C and D has been quoted as high as 100%, compared to 7.4% in types A and B [48] .
Nonrandom prospective cohort studies have demonstrated that isolated MPFC reconstruction may be equivalent to MPFC reconstruction with concomitant TTO for select patients, while others have shown a benefit with concurrent TTO [49, 50] . A recent randomized study by Damasena et al. demonstrated significantly improved patellar tilt and congruence angle measurements for patients treated with MPFC reconstruction and TTO versus TTO alone [51] .
Rehabilitation after MPFC reconstruction has not been standardized, but typically includes progressive weightbearing and range of motion, with graduated and progressive return to full activity within 6-9 months [52] . With dynamometer testing, Krych et al. demonstrated that athletes exhibit a 21.4% extension strength deficit and 15.8% flexion strength deficit at 6 months after MPFC reconstruction [53] . Strength was noted to be significantly worse in males and patients with patella alta [53] . Patients who received concomitant TTO saw significantly slower return to sport and decreased strength metrics [53] . Closed chain exercises are superior to open chain exercises in the short term for thigh circumference and pain scores [54] . Biomechanically normal gait, specifically knee flexion angle and internal knee extension moment as assessed by 3D motion analysis, returns to normal at 1-year follow-up after reconstruction [55] . In isolated MPFC reconstructions studied by Lippacher et al., 53% of athletes return to an equal or higher level of play [56] .
Conclusions
The medial patellofemoral complex is an important soft tissue restraint in lateral patellar translation that includes the insertions on both the patella and the quadriceps tendon. MPFC reconstruction can reestablish the patellar checkrein and limit recurrent instability in patients with medial soft tissue deficiency. Techniques which include quadriceps fixation look to better reconstruct the anatomy of the MPFC and may be the subject of future studies. Patients with recurrent patellar instability should be evaluated for associated contributing factors such as lateralized tibial tuberosity, patella alta, and trochlear dysplasia, and the appropriate concurrent surgeries should be performed to address these. Graft origin and insertion should be anatomic optimize function and minimize complications, and graft length should be appropriately set so as to not overconstrain the patellofemoral joint. MPFC reconstruction has been shown to have good to excellent results with proper indications, and complications can often be avoided due to minimizing technical error.
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